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© Process and apparatus for the separation of foreign matter from a liquid by flotation. 



© A process for the separation of foreign matter 
from a liquid, which process comprises mixing a 
stream of contaminated liquid containing dissolved 
gas with a stream of induced gas to provide a multi- 
phase flow, subjecting the multi-phase flow to turbu- 
lence and shearing thereby to produce a well dis- 
persed bubbly liquid stream, passing the bubbly 
liquid stream into a vessel which contains the liquid 
contaminated with foreign matter, below the free 
surface of the liquid, and allowing the bubbles of gas 
to rise to the surface of the liquid, the surface 
adherence between the gas bubbles and the par- 
ticles of foreign matter causing the particles of for- 
eign matter to float to the surface of the liquid. 
^ Also provided is an apparatus for the separation 
^of foreign matter from a liquid and a nozzle for the 
reproduction of a bubbly liquid 
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PROCESS AMD APPARATUS FOR THE SEPARATION OF FOREIGN MATTER FROM A LIQUID BY FLOTft- 



tiom 



The present invention relates to a process and 
apparatus for the separation of foreign matter from 
a liquid artel In particular, to a process in which a 
jet of liquid containing induced gas and dissolved 
gas is used to effect this separation. The process 
is particularly directed to separation of oil and 
v^ater. 

Flotation systems which are available at 
present for the separation of oil and water are of 
two main types, namely induced gas flotation and 
dissolved gas flotation. In the induced gas flotation 
process, gas is introduced into the liquid using a 
mechanical device such as a rotating impeller 
which disperses many small gas bubbles into the 
liquid. Rising gas bubbles then provide a large gas- 
liquid interface at which oil and oil-wetted particles 
are concentrated. These particles rise to the sur- 
face with the bubbles and remain in the froth above 
the water from which they can be efficiently and 
easily skimmed way. The dissolved gas flotation 
process involves dissolving gas in water at an 
increased pressure and introducing the water under 
pressure into a cell maintained at a lower pressure 
and containing the liquid to be treated. The pres- 
sure drop on introduction of the water under pres- 
sure into the cell causes -small bubbles of the gas 
to be released. The gas bubbles rise to the surface 
of the liquid together within the oil to be removed 
from the liquid. The oil can then be removed from 
the liquid surface of the cell by skimming. 

International Patent Application No. 
WO85/04432 discloses a means of inducing air into 
a fluid travelling through a pipe of varying diameter 
which is divided into inlet mixing and draught 
sections. 

"Water Research" vol 13, no 4 (1979) pp 385- 
391 discloses a method of separating oil contamin- 
ants from water using dissolved air flotation with a 
variety of chemical aids. 

The difference between the induced gas and 
dissolved gas flotation processes is, therefore, the 
method by which the gas is introduced into the 
liquid. However, both of these flotation processes 
require considerable amounts of power and gen- 
erally the apparatus includes several complex and 
expensive components- For applications in which 
either space or weight is at a premium, for example 
on offshore oil field platforms, these flotation sys- 
tems are very inefficient in terms of floor area, 
volume and weight- 



We have now developed a new process and 
apparatus for the separation of foreign matter from 
a liquid by flotation which overcomes the problems 
and disadvantages of the induced gas and dis- 

5 solved gas flotation processes, which has a greatly 
reduced number of components, occupies less 
space, weighs less and requires less power. 

Accordingly, in one aspect the present inven- 
tion provides a process for the separation of for- 

io eign matter from a liquid, which process comprises 
mixing a stream of contaminated liquid containing 
dissolved gas with a stream of induced gas to 
provide a mufti-phase flow, subjecting the multi- 
phase flow to turbulence and shearing thereby to 

rs produce a well dispersed bubbly liquid stream, ( 
passing the bubbly liquid stream into a vessel 
which contains the Hquid contaminated with foreign 
matter, below the free surface of the liquid, and 
allowing the bubbles of gas to rise to the surface of 

20 the liquid, the surface adherence between the gas 
bubbles and the particles of foreign matter causing 
the particles of foreign matter to float to the surface 
of the liquid. 

In carrying out the process of the invention the 

25 foreign matter is preferably removed from the sur- 
face of the liquid, for example by means of a 
skimmer. The removal may be continuous or inter- 
mittent. 

The process, of the present invention is particu- 
30 larfy adapted for the separation of oil and water and 
is particularly useful for the removal of oily wastes 
and suspended solids from waste water in the 
petroleum industry, such as oil field production 
water, refinery process water and waste water cre- 
ss ated in the production of chemicals from natural 
gas or petroleum. The process of the present in- 
vention may also be used, for example, for the 
processing of chemical and food plant waste ef- 
fluents prior to biological treatment or discharge, 
40 for the removal of organic matter and suspended 
solids from water, for the treatment of waste water 
from the paper making industry, and in the mineral 
and metallurgical fieCds. 

In the separation of oil from water the liquid 
45 stream containing dissolved gas is a stream of the 
oil contaminated water which is saturated with pro- 
duced gas. For large systems a plurality of bubbly 
liquid streams may be passed into the vessel in 
order to ensure an even flow of the bubbly liquid 
so streams into the contaminated liquid and an even 
distribution of bubbles. 
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In carrying out the process of the present in- 
vention an adequate amount of gas must be incor- 
porated into the liquid stream as small bubbles in 
order to provide the required physical contact be- 
tween the surface of the particles of foreign matter. s 
e.g. oil droplets or suspended solid particles, and 
the surface of the gas bubbles. Rotation is thus 
influenced by the collision between bubbles and 
the particles of foreign matter, the formation of 
floes of particles and the adsorption of bubbles to 
onto the particles and the floe structures. The 
bubble/particle interactions are governed by the 
surface chemistry of the system and it wilt be 
appreciated that on contact these surfaces must 
adhere rather than be repulsed. This surface char- ts 
acteristic may be enhanced by the use of coagulat- 
ing agents such as salts of iron, aluminium or 
calcium, or organic polyelectrolytes. 

The bubbly liquid stream is passed into the 
vessel containing the liquid contaminated with for- 20 
eign matter below the free surface of the liquid. 
Preferably the bubbly liquid stream will enter the 
vessel at one comer or end thereof. A sufficiently 
large quiescent flotation region is thus provided In 
the remainder of vessel so that the particles/gas 2s 
bubbles can rise to the surface of the liquid, there- 
by to separate the particles of foreign matter from 
the main body of the liquid. Excessive disturbance 
in this region could cause separation of the 
particles/gas bubbles or even the re-emulsification 30 
of the particles into the liquid. 

A particular advantage of the process of the 
present invention for treating produced water from 
oil production wells is that the produced water is 
under pressure. This eliminates the need for pump- 35 
ing equipment Furthermore, the produced water on 
offshore oil production platforms is not only nor- 
mally under pressure, but also fully saturated with 
produced gas. 

The process of the invention is particularly 40 
suited to the separation of oil and saline water, for 
example on offshore oil production platforms, as 
the bubbles formed in saline water are small, typi- 
cally 'm the range of from 0.2 to 0.8 mm in diam- 
eter, and the water temperature is typically in the 45 
range of 50°C to 90°C, these factors producing 
respectively small bubbles and an increase in the 
rate at which the bubbles rise to the surface of the 
water, thereby resulting, in a more rapid separation 
of the oil from the water. 50 
The main advantages of the process of the inven- 
tion are as follows:- 

(a) a significant increase in the rate of mass 
transfer is made possible when compared with that 
of the known induced gas flotation and dissolved 55 
gas flotation processes, 



(b) the high rate of mass transfer makes it 
possible to reduce the volume of the reaction ves- 
sel significantly, and 

(c) the process can be carried out in rela- 
tively simple equipment 

The present invention also provides, in another 
aspect, apparatus for the separation of foreign mat- 
ter from a liquid, which apparatus comprises a 
vessel to contain the liquid contaminated with for- 
eign matter, the vessel having an inlet for the 
contaminated liquid, which inlet is at least one 
nozzJe comprising means for mixing a stream of a 
liquid containing dissolved gas with a stream of 
induced gas to provide a multi-phase flow and 
means for subjecting the multi-phase flow to turbu- 
lence and shearing thereby, in use, to produce a 
well dispersed bubbly liquid flow into the vessel, 
and an outlet for the purified liquid. 

In a preferred aspect of the present invention 
the inlet nozzle projects in the horizontal plane or 
near to the horizontal plane into the vessel. It is 
positioned so as to ensure that the greater part of 
the vessel will be left in a sufficiently quiescent 
condition to allow the gas bubbles, with particles of 
foreign matter adhered thereto, to rise readily to 
the surface of the vessel. The outlet of the vessel 
is positioned towards the bottom of the vessel for 
the passage of purified liquid therethrough. The 
vessel may be equipped with a skimmer or the like 
to remove foreign matter, such as oil, from the 
surface of the liquid. The vessel is also preferably 
equipped with an outlet arrangement in which a 
baffle prevents the foreign matter approaching the 
outlet The purified liquid is passed underneath the 
baffle and drawn off from the bottom of the vessel. 

It may be advantageous to use two ap- 
paratuses of the above described type in series so 
as to improve the efficiency of removal of foreign 
matter from the contaminated liquid. 

The nozzle which produces the bubbly liquid 
flow into the vessel comprises means for mixing a 
stream of a liquid containing dissolved gas with a 
stream of induced gas to provided a multi-phase 
flow and means for subjecting the multi-phase flow 
to turbulence and shearing. 

In a further aspect the present invention pro- 
vides a nozzle for the production of a bubbly liquid 
which comprises a liquid inlet passageway, two 
adjacent aperture plates mounted in the passage- 
way perpendicular to the axis thereof, at least one 
of the plates being moveable so that on moving the 
plates, either singly or together, the total orifice 
area of the passageway is altered as the aperture 
overlap is altered, an induced gas inlet, a mixing 
tube downstream of the induced gas inlet which 
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diverges to the nozzle outlet and means to vary the 
positions) of the moveable aperture plate(s) so that 
the pressure of the liquid flow through the nozzle 
can be controlled. 

The means to vary the position of the movea- 
ble aperture plates rrre^r be. for example, a sensor 
positioned upstream thereof which monitors the 
Hquld flow through the liquid inlet passageway. The 
movement of the plate(s) causes the total orifice 
area to vary and this controls the presence of the 
liquid containing dissolved gas. A valve may also 
be included to vary the flow of induced gas into the 
nozzle and, if desired, the flow of gas may be 
controlled by the same sensor which is used to 
vary the positions of the moveable aperture plate- 
(s). 

In a first preferred aspect the present invention 
provides a nozzle for the production of a bubbly 
liquid which comprises a liquid inlet passageway, a 
fixed orifice plate mounted in the passageway per- 
pendicular to the axis thereof, a rotatable plate with 
a variable orifice mounted immediately adjacent to 
the fixed orifice plate perpendicular to the axis of 
the liquid inlet passageway, an induced gas inlet a 
mixing tube downstream of the induced gas inlet 
which diverges to the nozzle outlet and means to 
vary the position of the revolving orifice plate so 
that the pressure of the liquid flow through the 
nozzle can be controlled. 

Preferably the orifice in the fixed orifice plate is 
positioned centrally therein and preferably the vari- 
able orifice in the variable orifice plate is an arcuate 
slot having a varying width. The means to vary the 
position of the revolving orifice plate may be, for 
example, a sensor positioned upstream thereof 
which monitors the liquid flow through the liquid 
inlet passageway. The rotation of the variable ori- 
fice plate causes the actual orifice area to vary and 
this controls the pressure of the liquid containing 
dissolved gas on the upstream side of the fixed 
orifice plate. A valve may also be included to vary 
the flow of induced gas into the nozzle and, if 
desired, the flow of gas may be controlled by the 
same sensor which is used to vary the position of 
the revolving orifice plate. 

In a second preferred aspect, the present in- 
vention provides a nozzle for the production of a 
bubbly liquid which comprises a liquid inlet pas- 
sageway, two adjacent slidable aperture plates 
mounted in the passageway perpendicular to the 
axis thereof so that on sliding the plates either 
singly or together the total orifice area of the pas- 
sageway is altered as the aperture overlap is al- 
tered, an induced gas inlet a mixing tube down- 
stream of the induced gas inlet which diverges to 
the nozzle outlet and means to vary the positions 
of the aperture plates so that the pressure of the 
liquid flow through the nozzle can be controlled. 



Preferably the apertures in the slide plates are 
elipses. The means to vary the position of the 
slidable aperture plates may be, for example, a 
sensor positioned upstream thereof which mon- 

5 itores the liquid flow through the liquid inlet pas- 
sageway. The movement of the plates causes the 
total orifice area to vary and this controls the pres- 
sure of the liquid containing dissolved gas. A valve 
may also be included to vary the flow of induced 

70 gas into the nozzle and, if desired, the flow of gas 
may be controlled by the same sensor which is 
used to vary the positions of the sliding aperture 
plate. 

The variable area nozzle of the present inven- 
ts tion thus enables a constant pressure of liquid 
containing dissolved gas to be maintained despite 
a varying flow. The incoming stream of liquid con- 
taining dissolved gas, which is passed through the 
inlet passageway, is under pressure and on off- 
20 shore oil production platforms this liquid is nor- 
mally fully saturated with produced gas. As the 
saturated liquid passes through the orifice plate at 
the upstream side of the nozzle, the pressure re- 
duces to the pressure of the liquid in the flotation 
25 vessel. The pressure drop across the orifice plate 
will cause much of the produced gas to come out 
of solution, thus forming small bubbles. Upon pas- 
sage through the orifice the liquid stream Is mixed 
with a separate gas stream which is produced gas 
30 taken from the vessel freeboard, and expands radi- 
ally as a vena-corrtracta and passes down the 
mixing tube as an essentially inverted annular flow 
regime. In this region the flow impinges against the 
walls of the mixing tube and the gas is entrained in 
35 the liquid so that the multi-phase flow progresses 
as a well dispersed bubbly liquid. Any reduction in 
the flow rate to the flotation vessel would result in a 
reduced pressure drop across the nozzle. On off- 
shore oil production platforms, the downstream 
40 pressure is fixed and the reduced pressure drop 
would therefore occur upstream of the flotation 
vessel which is at a constant pressure and this 
would cause a pressure differential upstream of the 
nozzle. Gas in the inlet liquid stream would there- 
45 fore be flushed from solution upstream of the noz- 
zle. The presence of the gas would cause pockets 
of gas to pass through the nozzle and into the main 
flotation vessel, thus disturbing the quiescent con- 
ditions necessary to allow steadily rising bubbles, 
so This problem Is overcome by the nozzle of the 
invention in which the pressure in the inlet liquid 
stream is maintained constant by means of the 
revolving orifice plate which has a variable orifice 
or by means of the sliding orifice plates. 
55 The present invention will be further described 

by way of example and with reference to the ac- 
companying drawings in which: 
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Figure t is a cross-sectional representation 
of the nozzle of the invention; 

Figure 2 is an illustration of the rotatable 
plate with a variable orifice; 

Figure 3 is an illustration of the apparatus in s 
which foreign matter is separated from a liquid. 

Figure 4 is an illustration of the slideable 
aperture plates with a variable orifice. 

Referring to Figures 1 and 2 of the drawings, 
Figure 1 illustrates, in cross-section, a nozzle of the io 
invention. The nozzle has a liquid inlet passageway 
1 through which, for example, water contaminated 
with oil and containing dissolved gas is passed. 
This liquid flow meets a plate 2 positioned in the 
passageway perpendicular to the axis thereof, the 75 
plate having a central circular orifice 3 formed 
therein. The rotatable plate 6 with the variable 
orifice 12 is mounted immediately downstream of 
plate 2. An inlet 4 for the flow of induced gas into 
the nozzle is positioned downstream of the orifice 20 
plates. The liquid flow passes through the variable 
orifice plate and mixes with the gas stream in the 
mixing tube 7. The mixing tube has divergent walls 
8 which terminate the exit 9 of the nozzle. On 
passage through the fixed orifice plate 2 and the 25 
rotatable orifice plate 6 the multi-phase flow ex- 
pands radially and, in the mixing tube, gas which 
enters through inlet 4 is entrained in the liquid and 
the multi-phase flow progresses as a well dis- 
persed bubbly liquid. The bubbly liquid leaves the 30 
nozzle via exit 9. The arrows indicate the direction 
of flow through the nozzle. 

Referring to Figure 2 of the drawings, the rotat- 
able plate 6 rotates about a centre of rotation 11. 
The plate has an arcuate slot 12 which varies in 35 
width along its length. The rotating orifice plate is 
positioned in such a manner that the arcuate slot 
12 is aligned with the circular orifice 3 in the fixed 
orifice plate 2 as the rotatable plate rotates about 
the centre of rotation 11. ft will be appreciated that 40 
as the arcuate slot 12 moves behind the fixed 
orifice 3, the effective orifice area varies. 

Referring to Figure 3 of the drawings, a vessel 
21 which contains a liquid contaminated with for- 
eign matter 22 has an inlet nozzle 25 for the 45 
passage of contaminated liquid through the vessel 
and an outlet 24 through which the purified liquid 
passes. A gas atmosphere, such as produced gas, 
is provided above the surface of the contaminated 
liquid. A jet of bubbly liquid is formed through the 50 
nozzle 25 and a dense cloud of bubbles produced 
by the combined induced gas and dissolved gas 
spreads across the base of the vessel. The bub- 
bles of gas, with particles of foreign matter adhered 
thereto rise to the surface of the liquid and form a 55 
froth or scum of foreign matter at the surface 
thereof. The liquid flowing through the vessel en- 
counters a baffle 27 which does not extend in 



depth fully to the bottom of the vessel and there is 
a space 28 formed between is and the floor of the 
vessel. Purified liquid thus leaves the main separa- 
tion area of vessel 21 via space 28 and leaves the 
vessel via outlet pipe 24. The froth or scum of 
foreign matter formed on the surface of the liquid 
may be removed by means of a skimmer, or the 
like (not shown). 

It will be understood that the apparatus as 
illustrated in Figure 3 may be of any desired di- 
mensions, depending upon the quantity of liquid 
which it is desired to treat 

Referring to Figure 4 of the drawings, the 
slideable plates, 31 and 32, slide in the directions 
shown by the arrows, 35 and 36. The plates each 
have elliptically shaped apertures, 33 and 34. The 
plates are positioned in such a manner that the 
elliptical apertures overlap to form an orifice, 37, 
whose area may be varied by sliding one or both 
of the plates. 

It will be understood that the slideable aperture 
plates 31 and 32 of Figure 4 may take the place of 
the fixed orifice plate, 2, and rotatable plate, 6, of 
Figure 1 in the nozzle illustrated in that figure. 

The process of the present invention is further 
illustrated by the following non-limiting Example:- 



EXAMPLE 1 

A rectangular vessel with a total residence time 
of 4 minutes was filled with 3% saline water main- 
tained at a temperature of 75 °C. An amount of 20 
ppm of a de-emulsifier was added to the saline 
water. A single ejector nozzle was positioned at 
one end of the vessel below the surface of the 
saline solution. A bubbly liquid saline stream was 
formed using a nozzle of the type as described 
with reference to Figures 1 and 2 of the accom- 
panying drawings. The dissolved gas used was 
nitrogen and the induced gas was air. The bubbly 
liquid saline stream was introduced through the 
ejector nozzle at a flow rate of 270 1/min. An oil 
inlet concentration of 240 ppm was reduced to an 
outlet concentration of 36ppm. 



Claims 

1. A process for the separation of foreign mat- 
ter from a liquid, which process comprises mixing 
a stream of contaminated liquid containing dis- 
solved gas with a stream of induced gas to provide 
a multi-phase flow, subjecting the multi-phase flow 
to turbulence and shearing thereby to produce a 
well dispersed bubbly liquid stream, passing the 
bubbly liquid stream into a vessel which contains 
the liquid contaminated with foreign matter, below 
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the free surface of the liquid, and allowing the 
bubbles of gas to rise to the surface of the liquid, 
the surface adherence between the gas bubbles 
and the particles of foreign matter causing the 
particles of foreign matter to float to the surface of 5 
the liquid. 

2. A process as claimed in claim 1 wherein a 
coagulating agent is added to the liquid contami- 
nated with foreign matter. 

3. A process as claimed in claim 1 or claim 2 to 
wherein the foreign matter is continuously or inter- 
mittentiy removed from the surface of the liquid. 

4. A process as claimed in any one of the 
preceding claims wherein a plurality of bubbly liq- 
uid streams is passed into the vessel. is 

5. Apparatus for the separation of foreign mat- 
ter from a liquid, which apparatus comprises a 
vessel to contain the liquid contaminated with for- 
eign matter, the vessel having an inlet for the ; 
contaminated liquid, which inlet is at least one 20 - - 
nozzle comprising means for mixing a stream of a 

liquid containing dissolved gas with a stream of 
induced gas to provide a multi-phase flow and 
means for subjecting the multi-phase flow to turbu- 
lence and shearing thereby, in use, to produce a 25 
well dispersed bubbly liquid flow into the vessel, 
and an outlet for the purified liquid. 

6. Apparatus as claimed in claim 5 wherein 
nozzle protects into the vessel in the horizontal 
plane or near to the horizontal plane. 30 

7. Apparatus as claimed in claim 5 or claim 6 
wherein the vessel is provided with a baffle under 
which, in use, purified liquid passes. 

8. Apparatus as claimed in any one of claims 5 

to 7 which additionally includes means to remove 35 
foreign matter from the surface of the liquid. 

9. A nozzle for the production of a bubbly 
liquid characterised in that the nozzle comprises a 

liquid inlet passageway, two adjacent aperture (■ ; ; 

plates, mounted in the passageway perpendicular 40 

to the axis thereof, at least one of the plates being 

moveable, so that on moving the plates, either 

singly or together, the total orifice area is altered as 

the aperture overlap is altered, an induced gas 

inlet, a mixing tube downstream of the induced gas 45 

inlet which diverges to the nozzle outlet and means 

to vary the positions) of the aperture plate(s) so 

that the pressure of the liquid flow through the * 
nozzle can be controlled. 

10. A nozzle as claimed in claim 9 charac- so 
tensed in that both aperture plates are slideable 
aperture plates and the aperture in each plate is an 
ellipse. 

11. A nozzle as claimed in claim 9 or claim 10 
which includes means to vary the flow of induced 55 
gas into the nozzle. 
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